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Abstract
Metal air-batteries with high-energy density are expected to be increasingly applied in electric vehicles.
This will require amethod of recycling air batteries, and reduction ofmetal oxide by generating
plasma in liquid has been proposed as a possiblemethod.Microwave-induced plasma is generated in
ethanol as a reducing agent inwhich zinc oxide is dispersed. Analysis by energy-dispersive x-ray spec-
trometry (EDS) and x-ray diffraction (XRD) reveals the reduction of zinc oxide. According to images
by transmission electronmicroscopy (TEM), cubic and hexagonalmetallic zinc particles are formed
in sizes of 30 to 200 nm.Additionally, sphericalﬁber ﬂocculates approximately 180 nm in diameter
are present.
1. Introduction
Metal-air batteries have attracted excitement recently due to their wide application in electric vehicles, next-
generation electronics, as well for energy storage. Lithium, aluminum, iron, and zinc show great promise for use
in air batteries. Among these kinds ofmetals, zinc, particularly as nanoparticles, has attracted great interest due
to its low equivalent weight, abundance, and high-energy density [1].Moreover, it is also safe and
environmentally friendly [2–5].However, in the zinc air battery, a combination of high-energy density ofmetal
anodes with atmospheric oxygen can lead to the formation of zinc oxide in large quantities [6–8].
Severalmorphologies of zinc, such as zinc nanoparticle [9, 10], zinc nanowire [11], zinc nanoﬁber [12], zinc
nanotube [13] and zinc nanosheets [14]were synthesized by variousmethods, including in-liquid plasma from
zincwire, laser ablation from zincmetal, electromagnetic levitation gas condensation from zinc, shortcut
hydrothermal strategy synthesis from zinc acetate, electron cyclotron resonance (ECR) plasma from zincmetal,
ball-milling process fromZnOand amorphous boron,mechanical deformation process using hexagonal Zn
oxide powder, simple thermal vapor phase deposition from zinc powder,metalorganic chemical vapor
deposition fromZn(C2H5)2 and thermochemical reduction from zinc sulﬁde (ZnS) powder.
Zinc oxide nanomaterial synthesis by zinc oxidation has been reported in numerous studies [15–21], but
little research has been conducted into its reduction. It is necessary to balance zinc productionwith zinc
recycling. The recycling of zinc is a critical and beneﬁcial supplement to its primarymetal production.
Additionally, zinc plays an essential role in preventing fromdecreasing energy use,minimizing emissions as well
as reducingwastematerials [22].
Whenmicrowave or radio-frequency-induced plasma is generated at the surface of ametallic electrode
submerged into a liquid, nanoparticles are synthesized by erosion of the electrode. In-liquid plasma has been
successful in the synthesis ofmany kinds of nanoparticles such as zinc, zinc oxide, tungsten oxide, silver, gold,
andmagnesiumhydroxide to name a few [23, 24]. By applying plasma to a zinc electrode in ethanol,metallic
zinc nanoparticles are produced, while, inwater, amixture of zinc and zinc oxide nanoparticles is formed. This
suggests that the oxidative or reductive atmosphere of the vapor of the liquid determined the physical properties
of the synthesized nanoparticles. Plasma can be observed easily in the vapor, whichwas generated by the
evaporation of the surrounding liquid.
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The objective of this research is to reduce ZnOpowder bymicrowave-induced plasma in ethanol, with the
ethanol being the reducing agent. The synthesizedmaterials were identiﬁed using an absorption
spectrophotometer, energy-dispersive x-ray spectrometry (EDS) and x-ray diffraction (XRD) (M21X,Mac
Science), and as well as observed using a transmission electronmicroscope (TEM) (JEM-2100, JEOL).
2. Experimentalmethod
The apparatus used in this experiment is shown inﬁgure 1. The reaction vessel is a transparent polycarbonate
tubewith an inner diameter of 55 mmand outer diameter of 60 mm.A coaxial electrode consisting of an inner
conductor of a sharpened copper rod 5 mm in diameter, dielectric Teﬂon, and outer conductor of brass, was
placed perpendicular to the bottomof the vessel. The bottomof the vessel was tapered at an angle of 60 degrees
to feed the ZnOpowder efﬁciently to the top of the electrode where the plasmawas generated. A copper tube
3 mm in outer diameter and 2 mm in inner diameter used as a counter electrode was placed 2 mmaway from the
coaxial electrode.
ZnOpowder, labeled 200mesh, 99.999% (NEWMETKOCH)was used. Two different concentrations were
applied. For high density dispersion, 3.0 g, 5.0 g, and 6.0 g of ZnOpowderwere dissolved in 80 ml ethanol,
respectively. For lowdensity dispersion, 0.1 g, 0.2 g, and 0.3 g of ZnOpowderwere used. It was initially stirred
manually and then applied to an ultrasonic device until the powderwas dispersed sufﬁciently. The dispersion
was poured into the vessel and the pressure in the vessel was decreased to 30 kPa using an aspirator. The liquid
was circulated using a gear pump, and funneled from the counter electrode toward the top of the inner electrode.
A 2.45 GHzmicrowave in TE10mode passed through a rectangular waveguide, was convertedwithin TEM
mode and then subsequently passed through the coaxial electrode. By adjusting a plunger and stab tuner, the
input powerwas increased until plasma ignition occurs between the coaxial electrode and counter electrode.
After plasma ignition, the plasmawasmaintained at 235W. The period of the plasma generation lasted ten
minutes for low density dispersion, and eight and a halfminutes for high density liquid dispersion. A different
time of plasma generationwas caused by liquid densities.When using a high density dispersion, the ZnOpowder
after a fewminutes of plasma irradiation covers the tip of electrode andmakes it difﬁcult for continous plasma
generation to occur.With lowdensity dispersion, the plasma remains stable until irradiation has continued for
10 min, because there is no ZnOpowder covering the tip of the electrode.
3. Result and discussion
During plasma generation, the purple color of plasma emissionwas observed by naked eye, and the emission
spectrumwasmeasured using a spectroscope (PMA-11,HAMAMATSU). Characteristic Zn lineswere detected
at 468.0, 472.2, 481.1 and 636.2 nm, and the excitation temperature was approximately 3400 K as estimated
from emission intensity of these lines by the Boltzmann plotmethod. Among the three different amounts of
ZnOpowder (0.1, 0.2, and 0.3 g), the dispersion of 0.2 gwas chosen to be the representative result for low
density because at this dispersion, plasmawas very stable and continuously presented a purple color, which is
recognized as the color of zinc.
Figure 2(a) shows the absorption spectroscopy of the 0.2 g dispersion as a function of time, from0min
(before plasma generation) to 2, 4, 6, 8, and 10 min (after plasma generation) as taken by a spectrophotometer
(UV-1800, Shimadzu). During plasma generation, there is a great reduction as the absorbance decreases. It can
be seen near 360 nmand 380 nmwavelengths. Awide gap of ZnObetween 320 and 390 nmhas been reported
Figure 1.Experimental Apparatus.
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for other techniques [25–28]. The other peak observed around 200 to 250 nmon the short-wavelength side is
believed to be the result of the formation of zinc nanoparticles. Syntheses of zinc nanoparticles from a zinc rod
by plasma in liquid showed the same peak around 220 nm [24]. Research into nanoparticle synthesis by laser
ablation has reported that a sharp peak for Zn nanoparticles appears at 232.4 nm [29] and similarly, it has
reported around 230 nm for synthesis by radiation chemical reduction [30]. Since a peak for carbon has also
been reported to appear around 230 nm, one of the peaksmight be derived fromZn and another from carbon,
however, this has not been clariﬁed yet.
Figure 2(b) shows peak height of the absorbance, whichwas obtained by subtracting the base of the peak
from the peak value. On the short-wavelength sidewhere a Zn peak is assumed to have been obtained, the peak
height increased during the elapsed time of plasma generation.While on the long-wavelength sidewhere a ZnO
peakwas observed, the peak height decreased. The Beer–Lambert law predicts that the intensity of an absorption
peak is directly proportional with the concentration of the compound.
After plasma generation in the dispersion of 0.2 g ZnO in 80 ml of ethanol, the product adhered to the tip of
the coaxial electrode is shown inﬁgure 3(a) and residue after evaporation of liquid is shown inﬁgure 3(b). The
TEM images of the particles are shown in ﬁgure 4. ZnOnanoparticles before plasma generationwere amixture
of rectangular and hexagonal crystals of 50 to 200 nm in length and rods approximately 200 nm in length, as
shown inﬁgure 4(a). TEM images of particles collected from the tip of the electrode, and from the residue after
evaporation of liquid are shown inﬁgures 4(b) and (c), respectively. Good crystallinity of cubic particle about
30–200 nm in diameter is found from the tip of the electrode. It has been reported that zinc nanoparticles in
cubic shape have been synthesized by plasma in liquidmethod using zincwire [24]. Another rectangular particle
is observed in the residue of liquid after evaporation. Although the particles seemed to be in crystalline form and
similar to ZnOparticles before plasma generation, the amount of oxygen after plasma generationwas negligible
according to the EDS spectrum inﬁgures 5(a) and (b). This EDS spectrawas conducted for a nanoparticle
collected at the tip of electrode, for which the TEM image shows a different shape from theZnOTEM image
before plasma irradiation. Themass ratio of oxygen to zincwas found to be 6%whichwas smaller than the
theoretical value of ZnOwhichwas approximately 24%.
Therewere no signiﬁcant differences of particle synthesizedwhen using 0,1 and 0.3 g of ZnOpowder.
For high density dispersion, plasma generation at a dispersion of 6.0 g ZnO in 80 ml ethanol was relatively
more stable than the dispersions of 3.0 g and 5.0 g of ZnOpowder, even though the nanoparticles synthesized
showed no signiﬁcant difference in shape or size.
After plasma generation, TEM images of particle were found to show two types of particles, white polygonal
ones and spherical ﬁber-ﬂocculated ones, as shown inﬁgure 6(a). The diameter of the spherical particles was
Figure 2. (a) Absorption spectroscopy. (b) The peak height for elapsed time of plasma generation.
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Figure 3. (a) Product adhering to the tip of the electrode, (b) residue after liquid evaporation.
Figure 4. (a) TEM image of ZnObefore plasma irradiation. (b) TEM images of nanoparticles in the dispersion of 0.2 gm in 80 ml
ethanol, particles collected from the tip of electrode. (c) TEM image of particles from residue after liquid evaporation.
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approximately 180 nm. From the enlarged image of theﬁber-ﬂocculated spherical particles inﬁgure 6(b), the
diameter of one ﬁberwas found to be approximately 10 nm. Figure 7(a) shows the EDS spectrumof thewhite
polygonal particles, sufﬁcient oxygenwas detected to determine that the particles consisted of ZnO.On the other
hand, according to the EDS spectrumof theﬁber-ﬂocculate particles inﬁgure 7(b), hardly any oxygenwas
present.
Further investigations of the product were performed using x-ray diffraction (XRD). TheXRDpattern
before and after plasma generations for dispersion of 0.2 g and 6.0 ZnOpowder are shown inﬁgures 8(a)–(c),
respectively. These spectra were recorded for awhole particle including one that remained in a liquid. Some
metallic zinc peaks were observed after plasma generation, althoughZnOwas dominant.
Under the assumption of reduction due to thermal reaction, the reduction of ZnO is predicted using a
consideration of chemical equilibrium and the Ellinghamdiagram.
The chemical equilibrium can be calculated from chemical potential of all the products. 27 species were
given in the calculation as products from ethanol, O,H,H2, O2,H2O,OH,HO2,H2O2, C(g), C2, C3, CO,CO2,
C3O2, CH,CH2, CH3, CH4, C2H, C2H2, C2H4, CH2O,CH3OH,HCOOH,CH2CO,CH3HCOandC(s). The
chemical potential of product p is expressed as follows:
μ μ= + RT Pln , (1)p p p0
Where μ ,p p0 R,T, andPp are the chemical potential of p at standard condition, the gas constant, temperature,
and the partial pressure of p, respectively. The μp0 of all the products can be calculated from JANAF
thermochemical tables.When all the products are under chemical equilibrium, the chemical potential can be
calculated from the three representative chemical potentials such as μ ,C (s) μ ,H and μO as follows:
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Figure 5. (a) EDS spectra in the dispersion of 0.2 gmZnObefore plasma irradiation. (b) After plasma irradiation.
Figure 6. (a) TEM image of nanoparticle in the dispersion of 6.0 gmZnO in 80 ml ethanol, (b) an enlarged image of aﬁber-ﬂocculate
spherical particle.
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μ μ μ μ= + +n n n (2)p p C p pC (s) H H O O
where nCp , n
H
p and n
O
p are the numbers of C,H andO atoms in p, respectively. 24 equations expressed as
equation (2) aremade up for 24 products except for C(s), H andO. Because there are 27 indeterminate variables,
which are chemical potentials, threemore equations will be needed to solve them. The atomic ratios of C toH
and ofO toHhave to be retained between the reactants and products expressed as,
∑ ∑ =n n const. (3)
p
p
C
p
p
H
∑ ∑ =n n const. (4)
p
p
O
p
p
H
The total pressure is a determinate value such as 30 kPa, expressed as,
∑ =P const. (5)
p
p
If ethanol is used as a solvent, the values of the right side of equations (3) and (4) become 1/3 and 1/6,
respectively. Thus, 27 chemical potentials or partial pressures which follow the chemical potentials as expressed
in equation (1) can be calculated from equations (2–5).
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Figure 7. (a) EDS spectra in the dispersion of 6.0 gmZnO in 80 ml ethanol before plasma irradiation. (b) After plasma irradiation.
Figure 8. (a) XRDpattern before plasma generation. (b) After plasma irradiation (6.0 g of ZnO). (c) After plama irradiation (0.2 g of
ZnO).
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AnEllinghamdiagram is used to predict whether the reaction ofmetals progresses to oxidation or reduction.
If ametal oxide ofmetalM is expressed asMxOy, the reaction equation is expressed as follows:
+ ↔x
y y
2
M O
2
M O (6)x y2
The Ellinghamdiagram shows theGibbs energy change ΔG0 by 1 moleO2 under the partial pressure ofO2 of
1 atm as a function of temperature. TheGibbs energy change ΔG of the reaction changes with the partial
pressure ofO2 and is expressed as,
Δ Δ= −G G RT Pln (7)0 O2
The reaction shown in equation (6) progresses from left to right when ΔG is negative, while inversely it
progresses from right to left when ΔG is positive. A reducing atmosphere, that is, will be providedwhen ΔG is
positive.
Somemole fractions of dominant products under the chemical equilibrium are shown inﬁgure 9. The
maximummole fraction ofO2 is under 10
−9, and ismuch smaller than the dominant products. TheGibbs
energy change of zinc oxidation is shown inﬁgure 10. ΔG increases with the temperature and turns to a positive
from a negative at 1140 K. This indicates that if the temperature is higher than 1140 K, the reducing atmosphere
is available for zinc oxide.
In-liquid plasmamay be suitable for generating a temperature of over 1140 K. It is difﬁcult tomeasure the
temperature, but spectroscopicmeasurement of plasma emission provides some important information
concerning temperature. Line emission spectra of some species can give the excitation temperature through
application of the Boltzmann plotmethod. The excitation temperature is relatedwith the electron temperature.
However, the electron temperature is not necessarily the same as the gas temperature, because in-liquid plasma
is not necessarily in thermal equilibrium. The excitation temperature of in-liquid plasma is found to be generally
between 3000 and 5000 K [31], and decreases with an increase of pressure.When plasma is generated inwater,
OH spectral band is detected around 310 nm. The rotational temperature ofOH radicals can be obtained by
matching the conﬁguration of the spectral band to that of computational simulation. The rotational
temperature is considered to be close to the gas temperature, because the thermal energy is almost equally
Figure 9.Mole fraction of product.
Figure 10.TheGibbs energy change of zinc oxidation.
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distributed to the translation, rotational and vibrational energy of themolecule. The rotational temperature of
in-liquid plasmawas found to be generally from3000 to 5000 K, [31, 32] and increases with the increase of
pressure. Finally, the continuous spectrumof the black-body radiation from the electrode can sometimes be
detected. By ﬁtting it to the Planck’s law, the temperature of the electrodewhich is in contact with the plasma can
be obtained. The temperature of the electrodewas found to be roughly between 1300 and 1700 K [32, 33].
All the temperatures shown above exceed 1140 K. Therefore, the reaction ﬁeld provided by the in-liquid
plasma is a reducing atmosphere for zinc oxide.
When the 0.2 gmdispersion of ZnOwas used, nearly all the ZnOparticles in the dispersionwere found to
have been converted to Zn particles by the plasma. From this, the energy efﬁciency can be estimated, knowing
that a reduction of 0.2 g (2.5 mmol) ZnOwas caused by supplyingmicrowave of 78 kJ to the plasma. From the
theoretical enthalpy for reduction of ZnOof 348.3 kJ mol−1, the energy efﬁciency of the present experiment
becomes 1.1%, obtained by the following calculation.
⋅ ×
⋅ =
× =
− −348.3 kJ mol 2.5 10 mol
235 W 330 s( 78 kJ)
100 1.1% (8)
1 3
Pyrometallurgy and electrowinning are industrial processes comparable with the present experiment. Both
processes require roughly 3000 kWh to 1 ton ofmetallic zinc, and from these values, the energy efﬁciency of
these processes can be calculated to be 49%.
Anothermethod for zinc recovery that has been reported, the hydrometallurgicalmethod, usesmethane and
solar thermal technology [34–36] however, thesemethods have no information regarding the zinc nanoparticle
production that is needed for zinc air batteries. This presentmethod provides for recycling of zinc nanoparticles
with prevention of re-oxidation, because the reaction area is separated from the air by liquid. An additional
advantage to thismethod is the easy collection of the product since the reducedmetal remains in the liquid as
dispersed particles.
From the calculation results, two parameters were derived theoretically for the proposed reductionmethod.
One is that the appropriate ratio of ethanol and zinc oxide should be prepared for the plasma, and the other is
that the temperature within the plasma should be between 1500 and 2000 K in order to utilize the enthalpy
change of ethanol efﬁciency.
4. Conclusion
Zinc nanoparticles were synthesized from reduction of ZnOpowder by 2.45 GHzmicrowave in ethanol, which
act as reducing agents. Nanoparticles in cubic and hexagonal shapes of about 30 to 200 nmalongwithﬁber
ﬂocculates 10 nm in diameter were found at the tip of the electrode and in the remaining liquid after plasma
generation. This studywas conducted simply to conﬁrm the reduction of ZnOby plasma in liquids, andwas not
intended as an improvement of energy efﬁciency. In the future, in order to improve the energy efﬁciency,many
parametersmust be examined, for example, the type of liquid, frequency, power, pressure, arrangement of the
device, and so on.Moreover, the distinctive nanoparticles synthesized by this experiment, and themechanismof
synthesis should be clariﬁed in the future to obtain amore perfect reduction of oxides and synthesize pure
metallic zinc nanoparticles.
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